Scope: Searching for correlations between dietary polyphenols and risk of chronic diseases has been a challenge due to the lack of quantitative evaluation methods of long-term exposure. We previously observed substantial DNA methylation changes in human cancer cells upon treatment with polyphenols of the stilbenoid class. When induced in normal cells, such molecular changes may persist and reflect chronic exposure. Methods and results: Illumina 450K microarray is used to delineate a genome wide DNA methylation landscape in MCF10A human immortalized mammary epithelial cells exposed to resveratrol (RSV) at noncytotoxic 15 μM dose for 9 days. Subtle alterations are observed suggesting remodeling of DNA methylation patterns rather than switch on/off changes. Using pyrosequencing, DNA methylation is quantitatively measured at eight CpG sites located within KCNJ4, RNF169, BCHE, DAOA, HOXA9, RUNX3, KRTAP2-1, and TAGAP, upon exposure to RSV or pterostilbene and shows similar differences induced by both stilbenoids. Two of the probes, Runx3 and Kcnj4, are successfully verified in whole blood DNA from healthy rats on diets supplemented with stilbenoids. Conclusions: The study provides strong support for testing the utility of polyphenol-mediated changes in DNA methylation as quantitative measures of long-term dietary exposures in nutritional epidemiology and clinical trials.
Introduction
Epidemiologic studies have been searching for associations between dietary factors and disease risk for many decades. Such studies compare rates of disease occurrence and dietary consumption in a population to estimate whether there is any association. [1] Thus, the accurate measurements of the intake are key for interpretation of the results. Variations in daily consumption patterns make it challenging to establish individuals' long-term exposures when using usual methods of dietary intake assessment. Self-reporting tools such as food frequency questionnaires, 24-h recalls, and food diaries, that are commonly employed to estimate dietary consumption, introduce multiple errors, for example, via conversion of food intake to nutrient exposure and via ignoring genetic polymorphisms affecting bioavailability. This may account for non-reliable results and lack of correlations between active ingredients and disease. [2, 3] One of the groups of dietary bioactive compounds with promising in vitro and in vivo effects well-studied in chronic diseases and health maintenance includes polyphenols. [4] [5] [6] Despite strong preclinical evidence, epidemiologic studies deliver inconsistent results for associations between polyphenol intake and disease risk in humans. [5, [7] [8] [9] Quantitative biochemical measurements that would reflect exposure to a certain group of compounds or foods including polyphenols have been under investigation. [10] Urine samples, blood draws, tissue biopsies, and stool specimens can be tested for metabolites, specific protein, or gene expression level, or possibly status of epigenetic components, with varying capacities to distinguish acute versus chronic polyphenol intake. [11] Tracking of urinary polyphenols offers advantages relative to blood levels. Due to the short plasma half-life of polyphenol metabolites, blood levels may not consistently represent dietary intake or in vivo exposure. Urinary levels, on the other hand, would be more representative of daily intake as opposed to chronic exposure.
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about the impact of these dietary compounds in health and disease. [11, 14] Herein, we investigate whether polyphenols mediate molecular changes that could persist and be used as quantitative tools for chronic exposure assessment. We focus on resveratrol (RSV) and pterostilbene (PTS), two major polyphenols of the stilbenoid class, that are abundantly found in grapes and blueberries, respectively. [15] These polyphenols have raised considerable interest because of their possible role in beneficial disease outcomes such as prevention of degenerative diseases and anticancer action observed in intervention and preclinical studies. [13, 16, 17] Moreover, mechanistic studies indicate molecular changes, including epigenetics and specifically DNA methylation, that occur in response to the compounds. [18] [19] [20] [21] [22] [23] We have recently shown that RSV and PTS modulate gene expression through altering DNA methylation patterns in gene regulatory regions in cancer cells. [18] DNA methylation is one of the components of the epigenome and is characterized by the addition of a methyl group to the fifth position of the cytosine ring within CpG dinucleotides in DNA. [24] This modification leads to changes in gene transcription that do not involve changes to the underlying DNA sequence. [24] Although DNA methylation is the gatekeeper of gene expression providing stable long-term regulation, it is also readily reversible and responsive to environmental factors, demonstrating potential as a useful tool to assess exposure to food bioactives. [25] Furthermore, changes in DNA methylation can easily and accurately be measured using a straightforward laboratory technique called pyrosequencing which provides a percentage of methylation at a single CpG site resolution.
In the present study, we performed a genome-wide analysis of DNA methylation profiles in MCF10A mammary epithelial cells exposed to RSV and detected numerous subtle changes. Location of these RSV-mediated alterations in gene regulatory regions and enrichment with pathways associated with cardiovascular health, metabolism, cancer, and aging, might indicate a role in stabilizing control mechanisms to maintain a healthy phenotype. Statistically significant alterations of the highest magnitude were identified within regulatory regions of eight genes, namely KCNJ4, RNF169, BCHE, DAOA, HOXA9, RUNX3, KRTAP2-1, and TAGAP. We further successfully quantitatively validated these changes by pyrosequencing in MCF10A cells exposed to RSV or PTS. Interestingly, the presence of changes within Runx3 and Kcnj4 was subsequently confirmed in peripheral blood, an easily accessible source of DNA, of healthy rats exposed to the compounds. Our study provides strong support for testing the utility of polyphenol-mediated changes in DNA methylation as quantitative measures of long-term dietary exposures in nutritional epidemiology and clinical trials.
Experimental Section

Cell Culture and Incubation with Resveratrol and Pterostilbene
Human mammary epithelial MCF10A cell line was purchased from ATCC (CRL-10317, USA). Please see Supporting Information for details on cell culture media and culture conditions. RSV (Sigma-Aldrich, St. Louis, MO, USA) and PTS (Cayman Chem., Ann Arbor, MI, USA) were resuspended in ethanol and 10 mM stock solutions were stored at −20°C. Dilutions of the compounds were freshly prepared prior to adding to the cell medium. Cells were grown in a humidified atmosphere of 5% carbon dioxide at 37°C. 24 h prior to incubation with RSV or PTS, cells were plated at a density of 1-2 × 10 5 per a 10-cm tissue culture dish. Cells were exposed to different RSV or PTS concentrations ranging from 0 to 20 μM of RSV or to 15 μM of PTS for 4 days. Cells were then split 1:50, allowed to attach overnight and exposed to the compounds for additional 4 days (9-day exposure).
Illumina Infinium HumanMethylation 450K BeadChip Microarray
DNA from MCF10A control cells (incubated with ethanol) and cells cultured with RSV for 9 days was isolated using standard phenol:chloroform extraction protocol. Genomic DNA was processed for genome-wide DNA methylation analysis using Infinium HumanMethylation 450K BeadChip as described previously. [18, 26] Please see Supporting Information for details. The methylation score for each CpG was represented as a beta value according to the fluorescent intensity ratio with any values between 0 (unmethylated) and 1 (completely methylated). Raw microarray data and processed data are available from Gene Expression Omnibus (accession number GSE113299).
Animals and Diets
Rats were treated strictly following the animal use protocol #1112000342 approved by the Institutional Animal Care and Use Committee at the involved institutions. A total of 18 male Fischer 344 rats, 4 weeks old, were obtained from Charles River (Indianapolis, IN, USA), housed 2 per cage in a temperaturecontrolled (24°C) room with a 12-h light/dark cycle, and given ad libitum access to water and a chow diet [i.e., choline-sufficient amino acid (CSAA)-defined pelleted diet, Dyets Inc., Bethlehem, PA, USA]. After a week of acclimation period, 5-week-old rats were randomly divided into three groups each containing six animals (to reach statistical power) and fed the CSAA diet or a CSAA diet supplemented with RSV (CSAA+RSV, 1.2 g kg
of diet, 120 mg kg −1 of body weight per day) or pterostilbene (CSAA+PTS, 1.34 g kg −1 of diet, 134 mg kg −1 of body weight per day), pelleted at Dyets Inc. The compounds (BIOTANG Inc., Lexington, MA, USA) were used at equal molar concentrations. Following 20-day feeding period, retro-orbital Plexus sampling was used to collect blood from anesthetized rats. This method involves penetrating the retro-orbital plexus with a capillary tube to promote blood flow from the capillaries behind the eye. Whole blood amounts that did not exceed 10% of circulating blood volume based on body weight were collected from each rat into spray-coated K2EDTA tubes (BD & Co., Franklin Lakes, NJ, USA) and stored in −80°C until DNA and RNA extractions were performed.
In order to see a significant difference of 50% between groups at p < 0.05 when the variation of the endpoint is 25% of the sample mean, experiments need to have a power of 0.8. This requires a sample size of n = 6 individual rats per group and was www.advancedsciencenews.com www.mnf-journal.com calculated using the biological and analytical variability from previous data. [27, 28] 
DNA Extraction and Pyrosequencing
DNA from human mammary epithelial MCF10A cells and rat peripheral blood was isolated using standard phenol:chloroform extraction protocol. DNA bisulfite conversion was performed as previously described. [29, 30] Specific regulatory gene sequences were amplified with HotStar Taq DNA polymerase (Qiagen) using biotinylated primers listed in Table S1A (human) and S1B (rat), Supporting Information. Pyrosequencing of the biotinylated DNA strands was performed in the PyroMarkTMQ24 instrument followed by data analysis using PyroMarkTMQ24 software (Biotage, Qiagen). [31] 
RNA Extraction and QPCR
Total RNA isolated using TRIzol (Roche Diagnostics) was processed for cDNA synthesis using 20 U of AMV reverse transcriptase (Roche Diagnostics), as recommended by the manufacturer. Light Cycler 480 instrument (Roche) was used for QPCR reaction with the following cycles: denaturation at 95°C for 10 min, amplification for 60 cycles at 95°C for 10s, annealing temperature for 10s, 72°C for 10s, and final extension at 72°C for 10 min. Reaction mixture consisted of 2 μL of cDNA, 400 nM forward and reverse primers listed in Table S1C , Supporting Information and 10 μL of Light Cycler 480 SybrGreen I Master (Roche Diagnostics) in a final volume of 20 μL. Quantification of expression levels was performed using a standard curve and analyzed by the Roche LightCycler 480 software.
Statistical Analysis
Raw methylation data from HumanMethylation 450K microarrays were preprocessed using GenomeStudio and IMA (Illumina Methylation Analyzer for 450K, R/Bioconductor) including quality control, background correction, normalization, probe scaling, and adjustment for batch effect. Differential methylation analysis between sample groups was conducted using linear models (R Bioconductor package limma). Specifically, limma uses an empirical Bayes moderated t-test, computed for each probe, which is similar to a t-test, except that standard errors have been moderated using information from the full set of probes. [32] A methylation difference greater than 0.05 with a moderated t-test p ˂ 0.05 was considered statistically significant. Differentially methylated CpG sites were mapped into differentially methylated regions (DMRs) using DMRforPairs algorithm in R/Bioconductor [33, 34] (please see Supporting Information for details).
Statistical analysis of pyrosequencing and viability assays was performed using the unpaired t-test with two-tailed distribution. Each value represents the mean ± SD of three independent experiments. Mann-Whitney U test was used for statistical analysis of pyrosequencing in in vivo rat model with n = 6 per group. The results were considered statistically significant when p < 0.05.
Results
The Landscape of DNA Methylation in MCF10A Human Mammary Epithelial Cells upon Resveratrol Exposure
The purpose of our study was to define polyphenol-mediated epigenetic response in MCF10A human immortalized mammary epithelial cells, used as an in vitro model of normal epithelial cells, and identify molecular changes occurring in response to polyphenols in normal cells. In our previous studies, we observed substantial changes in DNA methylation patterns in breast cancer cells treated with RSV or PTS. [18] [19] [20] Based on those pieces of evidence, we hypothesized that mere exposure to dietary polyphenols may leave a stable "footprint" in normal human epithelial cells by remodeling the DNA methylation profile.
As follows, MCF10A mammary epithelial cells were incubated with 15 μM RSV for 9 days to reflect prolonged exposure to stilbenoids. The dose of RSV was established based on its impact on cell growth ( Figure S1A , Supporting Information). The 15 μM dose of RSV was not toxic (<10% of dead cells) and caused a negligible effect on the number of viable cells (<25% decrease in the number of viable cells) compared to control cells treated with ethanol (a vehicle control), as indicated by trypan blue exclusion test and further validated by MTT assay ( Figure S1A , Supporting Information). A similar workflow was applied for PTS where 7 μM concentration was selected for further experiments ( Figure  S1B , Supporting Information). Simultaneously, these concentrations of RSV and PTS inhibited cancer cell growth by 50% with low cytotoxic effects as demonstrated in our previous study. [18] RSV-exposed and control MCF10A cells were subjected to Illumina 450K Methylation microarray to assess genome-wide DNA methylation effects of RSV exposure. The Illumina 450K microarray provides CpG-specific DNA methylation data for almost 500 000 CpG sequences that corresponds to 99% of all known protein coding genes (Please see Supporting Information for details).
We found 1324 CpG sites differentially methylated upon 9-day exposure of MCF10A cells to 15 μM RSV, as compared to control cells (0.05 ࣘ differential methylation ࣘ −0.05, p < 0.05, limma t-test). Chromosomal views of these differences were plotted using the Integrative Genomics Viewer (IGV) visualization tool ( Figure 1A) . Each vertical bar represents a single differentially methylated CpG site, with red indicating hypermethylation and blue indicating hypomethylation in RSV-exposed versus control cells. Among these changes, 889 CpG sites (67% of total number of changes) corresponding to 602 genes were hypermethylated whereas 435 CpG sites were hypomethylated and located within 305 genes (please see Table S2 , Supporting Information for differentially methylated CpG sites). The changes in DNA methylation were subtle ranging from 0.05 to 0.20 in differential methylation values. Only 15 hypermethylated CpG sites and 17 hypomethylated CpG sites were identified using a threshold for differential methylation ࣙ 0.1 ( Figure 1B) . A heatmap in Figure  1C for 500 CpG sites with the highest change in DNA methylation between RSV and control further confirms mild alterations. It would suggest remodeling of the methylation patterns of normal cells upon RSV exposure rather than robust on/off switches that mediate a strong biological impact. RSV as a naturally derived, bioactive compound at physiologically relevant, nontoxic Figure 1C ). The distribution of hypermethylated and hypomethylated sites relative to TSS is similar with 30% of CpGs located in promoter regions ( Figure 1C ). Almost 30% of differentially methylated CpG loci are assigned to enhancer regions with equal distribution between hypermethylated and hypomethylated sites ( Figure 1C ).
Although our prediction was that RSV exposure leaves subtle marks in normal cells by slightly altering DNA methylation but does not have strong biological impact on corresponding genes, the location of changes in regions important for transcriptional regulation (e.g., promoters, enhancers, CpG islands) could indicate long-term regulation of the phenotype. Indeed, we found that differentially methylated genes are associated with cardiovascular and metabolic health (e.g., sodium-calcium exchanger SLC8A1, a family of calcium channel subunits CACNA, mitochondrial acetyl-CoA synthetase ACSS1/ACSS3, aminotransferase ABAT), immune functions (e.g., HLA class of major histocompatibility complex, interferon IFNA14), nervous system functions (e.g., synaptosome-associated protein SNAP29, netrin NTN1, and netrin receptors UNC5 promoting neuronal cell survival), and cancer-relevant signaling such as cadherin and WNT pathways (e.g., numerous cadherins and protocadherins, protein kinase PRKCG, AXIN2, HDAC2, SFRP4) ( Figure 1D ). Alterations in DNA methylation mediated by RSV may therefore serve as a mechanism maintaining active or silenced transcription states crucial for a healthy phenotype.
These results led us to a question whether RSV treatment changes the epigenetic clock age of the normal cells. Maintaining a healthy phenotype could be associated with reversing agerelated changes in the DNA methylation patterns. The epigenetic clock age is a type of a molecular age estimation method based on DNA methylation levels. We used Horvath's clock [35, 36] that includes 353 CpG sites, called epigenetic clock CpGs, whose methylation state is correlated with age. Among the 353 clock CpGs, there are 193 positively and 160 negatively correlated CpGs that become hypermethylated and hypomethylated with age, respectively. Using Horvath's R algorithms, [35] we calculated DNA methylation age in control and RSV-treated MCF10A cells based on our Illumina 450K data. No significant alterations (p = 0.96199) in the average DNA methylation age have been found between control (average DNA methylation age = 116.93 ± 0.87) and RSV-exposed (average DNA methylation age = 117.01 ± 2.39) MCF10A cells. Looking through all 353 CpGs, we found 20 sites of the epigenetic clock differentially methylated by RSV exposure. The highest change exceeding 0.05 was detected at cg18984151 located within C3orf75 (TMEM103) which is a subunit of RNA polymerase II (RNApolII) elongator complex acting as a histone acetyltransferase component of RNApolII. The locus is positively correlated with age and become hypermethylated with age. RSV treatment led to hypomethylation of this locus, possibly counteracting age-related alterations.
Differentially Methylated CpG Sites in Response to Resveratrol in MCF10A Human Mammary Epithelial Cells Are Mapped into Differentially Methylated Regions
In further bioinformatics analyses, we screened the genomewide Illumina 450K data for DMRs. DMRs are defined as regions that contain at least four CpG sites (Illumina probes) with a maximum distance of 200 bp between individual sites. Using R Bioconductor DMRforPairs package as described by Rijlaarsdam et al., [33] we found 30 417 DMRs among all samples (3 controls, 3 RSV-treated). Since DNA methylation changes in response to RSV are subtle, unsurprisingly we have not reached statistical significance for any of the DMRs. Importantly, there were 124 regions with median methylation levels (M-values) between the samples differed by at least 0.4 that is approximately equal to differential methylation 0.05 (delta beta value). To determine any DMRs between biological replicates, control samples and RSVtreated samples were separately computed in DMRforPairs. Any DMRs found between biological replicates were excluded from the 124 regions resulting in a final list of 80 unique regions differentially methylated in response to RSV in MCF10A cells (Table  S3 , Supporting Information).
These 80 regions are referred to as "relevant DMRs." As observed for differentially methylated CpG sites, 65% of relevant DMRs are located in regions with high regulatory role in gene transcription such as CpG islands and transcription start sites (TSS) ( Figure 1E ). It is reflected in the chromatin state analysis, where 52% of relevant DMRs are associated with promoters and only 12% with enhancers commonly located in gene body ( Figure 1F ). As described by Ernst et al., [34] we used data generated using 15-state ChromHMM model based on several chromatin marks (e.g., H3K4me3, H3K4me2, H3K4me1, H3K9ac, H3K27ac, H3K36me3, H4K20me1, H3K27me3, and H3K9me3) and selected Broad ChromHMM HMEC mammary epithelial cell track in UCSC Genome Browser (hg19) to determine cells) and RSV-exposed cells. Columns "a-c" show classification of the CpG sites according to their location relative to transcription start site (TSS) (a), CpG islands (b), and enhancer region (c). D) Pathways associated with genes containing CpG loci that are differentially methylated upon exposure of MCF10A cells to RSV. Integrative pathway analysis was performed using DAVID knowledgebase. E) Differentially methylated regions (DMRs) were determined using DMRforPairs algorithm in R/Bioconductor. Regions with median methylation levels (M-values) between the samples differed at least by 0.4 that is approximately equal to differential methylation 0.05 (delta beta value) were considered relevant. Their location relative to transcription start site (TSS), CpG islands and body of the genes is depicted in the pie chart. F) Chromatin states associated with relevant DMRs were determined using broad ChromHMM HMEC track in UCSC Genome Browser (hg19). DMRs could correspond to the following chromatin states: active, weak or poised promoters, strong or weak enhancers, putative insulators, active or weak transcription, Polycomb-repressed regions or heterochromatin. Active promoters, strong enhancers, and active transcription regions are linked to high expression levels, with the latter state determined based on the enrichment of histone marks along transcripts. Weak or poised promoters, weak enhancers, weak transcription, Polycomb-repressed regions or heterochromatin, in turn, are linked to low expression. G) Genes of overlapping transcripts were determined for the exact DMR region and within a margin of 10 000 bp of the region. Pathways associated with genes for all relevant DMRs were determined using DAVID knowledgebase.
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As for differentially methylated CpG sites upon exposure to RSV, functional pathway analysis for relevant DMRs confirms that RSV-mediated alterations may play a role in maintaining a healthy phenotype. Relevant DMRs are enriched for fatty acid metabolism, (e.g., acyl-CoA dehydrogenase ACADM catalyzing the initial step of fatty acid beta-oxidation, thioesterase PPT2 removing thioester-linked fatty acyl groups, dehydrogenase HSD17B12 catalyzing reactions of the long-chain fatty acids elongation cycle), branch-chain amino acid metabolism (e.g., dehydrogenase ACADM, malonyl-CoA synthetase ACSF3, carboxylase subunit PCCA), immune response to infections (e.g., HLA class of major histocompatibility complex, mRNA splicing regulators SRSF3 and ALYREF), oncogenic pathways (MAP2K3, KRAS, RASA1), and carbon metabolism linked to aging (e.g., ACADM, PCCA, pyruvate kinase PKLR) ( Figure 1G ).
Differential Methylation Occurring in Response to Resveratrol or Pterostilbene in MCF10A Mammary Epithelial Cells may Serve as a Quantitative Measure of the Dietary Exposure
To investigate whether polyphenol-mediated changes in the DNA methylation patterns of normal cells could be quantitatively detectable, we selected eight CpG sites for assessment of the methylation levels using pyrosequencing. Pyrosequencing is a quantitative method which measures the percentage of methylation at a single CpG site resolution and requires only PCR of bisulfite converted genomic DNA. In our selection, we took into account the magnitude of the difference in DNA methylation (differential methylation) between RSV-exposed and control cells, statistical significance and location of change in gene regulatory regions. Hypermethylated CpG sites were located in the promoter or gene body of KCNJ4 (potassium voltage-gated channel subfamily J member 4), RNF169 (ring finger protein 169), BCHE (butyrylcholinesterase), and DAOA (D-amino acid oxidase activator) (Figure 2) , whereas hypomethylated loci were located in the promoter of HOXA9 (homeobox A9), KRTAP2-1 (keratin-associated protein 2-1), TAGAP (T-cell activation RhoGTPase-activating protein), and CpG island in the body of RUNX3 (runt-related transcription factor 3) (Figure 3) . Functions of the selected genes reflected pathways observed in the integrative analysis of genes containing differentially methylated sites, such as nervous system functions (KCNJ4, BCHE, and DAOA), immune functions (TAGAP, and HOXA9), cancer and cancer-related signal transduction (RNF169, HOXA9, and RUNX3) . Interestingly, the latter group contains a strong oncogene RNF169 which negatively regulates DNA damage repair, and known tumor suppressor genes HOXA9 and RUNX3 which act as transcription factors regulating expression of a gene network linked to inflammatory response and signal transduction. While RNF169 is hypermethylated (and potentially silenced) in response to RSV, HOXA9, and RUNX3 are hypomethylated (potentially activated).
For pyrosequencing, PCR primers were designed so that the tested fragment encompasses the CpG site differentially methylated on the microarray (CpG of interest, marked in square in charts in Figures 2 and 3) and if possible additional neighboring CpG sites (please see gene maps in Figures 2A and 3A) . This allows us to obtain a pattern of methylation within a broader DNA region. We call the fragments tested by pyrosequencing "probes" and each probe corresponds to a single gene. Specifically, single CpG sites within KCNJ4, RNF169, BCHE, and DAOA, all of which identified by Illumina 450K microarray as hypermethylated upon RSV exposure, showed increase in methylation ( Figure 2B ). As observed in the array data, pyrosequencing revealed subtle RSV-mediated increases in DNA methylation within CpG sites located in these probes, ranging from 7% to 16% ( Figure 2B ). More profound changes in pyrosequenced regions were observed within probes hypomethylated in response to RSV, including HOXA9, RUNX3, KRTAP2-1, and TAGAP (Figure 3B) . A robust 9-25% decrease in DNA methylation was detected throughout the entire region of HOXA9 promoter spanning 13 CpG loci. On the other hand, significant hypomethylation was found mainly at CpG site covered on Illumina within RUNX3 and TAGAP. A probe within KRTAP2-1 showed the highest >30% decrease in DNA methylation at CpG#1 and CpG#2 ( Figure 3B ). Pyrosequencing successfully detected all differences in DNA methylation within eight probes selected based on the microarray data. Thus, these subtle yet significant changes can be assessed by pyrosequencing, a straightforward technique that provides CpG-specific information in a timely manner and can be efficiently used to assess changes in methylation state in relation to exposure to environmental factors including diet. [31] A question arose whether epigenetic alterations are mediated only by RSV or if they are common to other compounds from stilbenoid class of polyphenols. We were especially interested in PTS. RSV is rapidly metabolized to glucuronide and sulfate conjugates that may limit its in vivo biological activity, compared to its analog, PTS. Upon oral administration of stilbenoids in in vivo models, PTS showed markedly greater total plasma levels of both the parent compound and its metabolites, having almost 80% bioavailability compared to 20% bioavailability of RSV. [37, 38] We therefore exposed MCF10A cells to PTS using the same schedule of treatments as for RSV followed by DNA methylation analysis within eight selected probes using pyrosequencing. PTS was used at 7 μM dose for 9 days. As described in the previous section, PTS at this concentration exerts cancer-specific effects with no toxicity towards normal cells and only a minor effect on the number of viable normal cells (<20% decrease in the number of viable cells) ( Figure S1B , Supporting Information). Probes within KCNJ4, RNF169, BCHE, and DAOA that were identified and validated in RSV-exposed cells as hypermethylated also showed significantly increased CpG-specific DNA methylation level by 8-34% in response to PTS ( Figure 2C) . Similarly, pyrosequencing of the tested regions within RSV-hypomethylated www.advancedsciencenews.com www.mnf-journal.com Figure 3C ). Collectively, we successfully confirmed using pyrosequencing that all eight probes are targeted for DNA methylation changes in response to both RSV in PTS in mammary epithelial cells. The subtle changes in DNA methylation after PTS exposure presented similar trends of change as seen after RSV. Changes were slightly stronger for KCNJ4 and RNF169 at CpG of interest showing 18% higher increase in DNA methylation levels in response to PTS compared with RSV ( Figure 2B,C) .
The Remodeled DNA Methylation Pattern at Runx3 and Kcnj4 Promoters Detectable in Rat Peripheral Blood in Response to Exposure to Stilbenoids
If the established quantitative molecular changes induced upon long-term exposure to stilbenoids could be detectable using noninvasive methods such as blood test, they would be of potential value in the development of biomarkers of exposure. We therefore tested whether our in vitro findings can be replicated in an in vivo animal model. In this model, rats were fed a chow CSAA diet or CSAA diet supplemented with RSV (CSAA + RSV, 1.2 g kg
of diet) or PTS (CSAA+PTS, 1.34 g kg −1 of diet) for 20 days. Compounds were used at equal molar concentrations and the selected doses have been shown to be effective in attenuating cancer development based on previous studies in animal models. [39] [40] [41] [42] At the 20 day-time point, whole blood was collected from 6 rats per group and subjected to DNA isolation, amplification of selected gene fragments, and pyrosequencing.
Four genes out of eight validated probes in which methylation levels changed in MCF10A cells in response to RSV or PTS, were investigated in rats. The remaining genes were not well annotated in the rat genome and we were not able to obtain DNA sequence for these genes. Because fragments tested in the human genome did not match any sequence in the rat genome, we designed and optimized primers within promoters of Kcnj4, Runx3, Bche, and Tagap, in regions where CpG density was the highest (Figure 4A, Figure S2 , Supporting Information). Based on pyrosequencing data, DNA methylation changes within two www.advancedsciencenews.com www.mnf-journal.com The putative transcription factor binding sites are indicated as predicted by TransFac. The difference in DNA methylation status at the selected CpG sites was quantitatively validated by pyrosequencing in MCF10A cells exposed for 9 days to B) 15 μM RSV and C) 7 μM pterostilbene (PTS), a dimethylated analog of RSV. Average methylation status of CpG site covered on Illumina and neighboring CpG sites in the tested fragment of HOXA9, RUNX3, KRTAP2-1, and TAGAP is displayed. All results represent mean ± SD of three independent experiments; ***p < 0.001, **p < 0.01, *p < 0.05. probes were upheld in whole blood of healthy rats upon 20-day RSV or PTS supplementation. Significant hypomethylation within Runx3 was detected at CpGs #5 and #7 upon exposure to both RSV and PTS ( Figure 4B,C) . Hypermethylation within Kcnj4 was observed at CpG #2 for RSV and both CpG #1 and #2 for PTS ( Figure 4B,C) . No significant changes in promoter methylation were identified by pyrosequencing in Bche or Tagap ( Figure S2 , Supporting Information).
Our present study establishes for the first time differences in DNA methylation at specific CpG sites after prolonged stilbenoid exposure that are detectable in normal cells and the whole blood of healthy rats. Upon validation in human cohorts, these novel DNA methylation probes may be used as candidates for developing quantitative exposure biomarkers with high application in epidemiologic studies where associations between the intake and disease risk are tested. Collected peripheral blood was subjected to DNA isolation followed by DNA methylation analysis by pyrosequencing at loci identified in in vitro MCF10A experiment. DNA methylation changes were detected within Runx3 and Kcnj4 regulatory regions. A) The exact position of tested CpG sites is shown in gene maps. Average methylation status of CpG sites in the tested fragments of Runx3 and Kcnj4 in rats on CSAA diet and CSAA diet supplemented with RSV or PTS is displayed in panels B and C. All results represent mean ± SEM of n = 6 per group; ***p < 0.001, **p < 0.01, *p < 0.05.
Subtle Changes in DNA Methylation may Contribute to Corresponding Changes in Gene Expression: Additional Readout of Exposure
In order to test whether the subtle changes in DNA methylation at the candidate genes affect transcriptional readout, we measured gene expression upon RSV treatment. RSV-mediated hypermethylation was reflected in downregulation of three out of four candidate genes, including KCNJ4, RNF169, and DAOA (trend of reduced expression for the latter) ( Figure 5A ). This would suggest that maintaining expression of those genes at low levels is beneficial for a healthy phenotype. Indeed, publicly available Oncomine expression data demonstrate upregulation of KCNJ4, RNF169, and DAOA in breast cancer and other types of cancer compared to normal tissues, confirming potential cancer-promoting role of those genes ( Figure 5B ). On the other hand, three out of four genes hypomethylated upon RSV exposure, such as RUNX3, KRTAP2-1, and TAGAP, show increase in expression which suggests their potential health-promoting role ( Figure 5C ). This is further supported by downregulation of those genes in breast tumors and other types of cancer compared to normal tissues as indicated by Oncomine expression data in clinical samples ( Figure 5D ). These results could imply that expression may be used as an additional measure of exposure to stilbenoids. However, not all the candidate genes are affected at the transcription level. Expression of HOXA9, a hypomethylated RSV target, stays unchanged ( Figure 5C ). It is possible that the slight remodeling of DNA methylation may not be enough for certain genes to affect transcription presumably due to coexisting chromatin structure. However, the altered methylation may help stabilize control mechanisms marking the genes to remain silenced (i.e., for cancer-promoting genes) or active (i.e., for guardian of a healthy phenotype). An interesting observation was noted for BCHE whose hypermethylation upon RSV treatment corresponded to increase in expression rather than downregulation as one would expect ( Figure 5A ). Additionally, Oncomine expression database clearly shows downregulation of BCHE in cancer compared to normal tissue and suggest a health-promoting role for BCHE ( Figure 5B ). An explanation may lie in the regulatory role of the CpG site where RSV-mediated hypermethylation occurs. The CpG site is located within the gene body as indicated in the gene map in Figure 2A . Increased methylation within body of the genes is associated with transcriptional activation and may constitute a signal for gene overexpression. [43] 
Discussion
Improved quantitative evaluation methods of long-term exposure to dietary bioactive compounds are highly needed. 
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Current measures of dietary exposures introduce inconsistencies in studies evaluating correlations between intake of various bioactive compounds and chronic disease. Polyphenols is a group of compounds with promising results in in vitro and in vivo studies, [4] [5] [6] however without clear evidence from epidemiologic investigations. [5, [7] [8] [9] If we can provide adequate quantitative biomarkers, we may be able to accurately assess the importance of polyphenol intake in health maintenance and prevention of chronic diseases. [11, 14] An excellent example of how measurement methods influence interpretation of results is a study evaluating polyphenol intake among over 800 older adults living in the Chianti region of Tuscany in Italy. [3, 44] No significant correlations between polyphenol consumption and longevity were found when the intake measured based on dietary questionnaires was taken into account. Interestingly, using total urinary polyphenol concentration as a proxy measure of the intake showed that participants with the highest urinary polyphenol concentration had a lower mortality rate than individuals with the lowest concentration. The results led to an important conclusion that high dietary intake of polyphenols may be associated with longevity and emphasized the importance of the accurate assessment of the intake.
While urinary metabolites reflect daily consumption, blood levels will be representative of just an hourly intake. Measures of chronic exposure to polyphenols are largely missing. In the present study, we investigated two polyphenols of the stilbenoid class, RSV and PTS, and their potential in inducing molecular changes in normal cells that would be informative of the intake. RSV is highly absorbed by humans but is lowly bioavailable due to its rapid conversion to metabolites. [37, 38] On the other hand, PTS, a naturally occurring dimethylated analog of RSV, is a highly bioavailable. [37, 38] We and others previously observed epigenetic changes, specifically alterations in DNA methylation, at candidate gene loci in human cancer cells treated with RSV or PTS. [19] [20] [21] Our recent study further demonstrates remodeling of the DNA methylation patterns in breast cancer cells exposed to polyphenols. [18] These pieces of evidence together with dynamic nature and responsiveness of DNA methylation to environmental factors make it highly probable that normal cells may also respond to long-term exposure to polyphenols by inducing alterations in DNA methylation patterns. Contrary to cancer cells, changes in normal cells would be subtle and without strong biological effects. There is evidence that in normal cells dynamics of DNA methylation allows for long-lasting changes upon a wide range of exogenous and endogenous exposures including toxicants, nutrients, behavioral and social stimuli, leaving so called "methylation memory," [45] Indeed, we found in the present investigation that exposure of MCF10A mammary epithelial cells to RSV results in alterations at 1324 CpG sites, of which only 32 sites have a magnitude of the difference in methylation greater than 0.1 (Figure 1 ). These changes are induced at noncytotoxic doses of RSV which supports their value as a "footprint" of exposure rather than a biologically relevant intervention, not necessarily desirable in normal cells. On the other hand, although without the acute biological response, the observed effects on the epigenome might be associated long-term with the maintenance of a healthy phenotype. This intriguing hypothesis requires further investigation in future studies.
Although mechanisms underlying stilbenoid-mediated remodeling of DNA methylation patterns remain to be elucidated, the mode of action marking genes by subtle hypermethylation and hypomethylation in the normal cell model seems promising for providing relevant new insights into associations between the epigenome, polyphenol exposure, and health status. We selected eight probes corresponding to eight genes, including KCNJ4, RNF169, BCHE, DAOA, HOXA9, RUNX3, KRTAP2-1, and TAGAP, for validation by pyrosequencing as a straightforward laboratory technique to detect changes in DNA methylation with high reproducibility. All probes showed a high concordance between microarray and pyrosequencing (Figures 2 and  3) . We also confirmed that exposure to RSV analog, PTS, causes similar changes in DNA methylation at selected probes ( Figures  2C and 3C) . Hence, these subtle but detectable changes in the DNA methylation pattern of normal epithelial cells exposed to stilbenoids could have potential to be utilized as a valuable substitute or complementary tool in quantification of polyphenol exposure.
Such an assessment approach would be of value only if minimally invasive specimens serve as a source of DNA. There is evidence of using blood to detect changes in DNA methylation for cancer risk prediction or cancer early detection. [46, 47] For instance, hypomethylation of BLCA-4 repeats detectable in blood cell DNA was associated with higher risk of bladder cancer. [48] Methylation within CNKSR1, IFI44L, PENK, and WNK2 as well as lack of methylation within TPO and MYT1L in white blood cell DNA was demonstrated as a potential biomarker for risk prediction of HCC. [49] [50] [51] Similar association was found in breast cancer where methylation in ATM intragenic loci was linked to high cancer risk. [52] We therefore tested whether the changes in DNA methylation occurring in response to stilbenoids in MCF10A cells are also present in blood of healthy animals on diets supplemented with RSV or PTS. Out of eight probes established based on our in vitro data, four probes were found in the rat genome. Of those four probes, CpG loci in promoters of Runx3 and Kcnj4 were verified and confirmed to have an altered DNA methylation status upon exposure to stilbenoids in rat blood DNA (Figure 4) .
Since our studies demonstrate subtle changes in DNA methylation, a question arises whether such small changes can impact transcriptional activity of genes. We found that most but not all of the selected genes were differentially expressed upon stilbenoidmediated subtle changes in DNA methylation ( Figure 5 ). This clearly indicates that these gentle alterations in DNA methylation can act as a guardian of active or silenced chromatin state, and would explain lack of a strong biological response of normal cells to stilbenoids. This suggestion is further supported by the genome-wide characterization of RSV-mediated changes. We found that differentially methylated CpG sites and corresponding DMRs are located mostly in regions of transcriptional regulation such as promoters, CpG islands, and enhancers ( Figure 1 ). Interestingly, genes encompassing differentially methylated sites or regions were enriched with pathways associated with cardiovascular health, metabolism, cancer, and aging, indicating a role in stabilizing control mechanisms to maintain a healthy phenotype.
Our study is the first to establish DNA methylation changes in normal cells and blood DNA of healthy animals which occur upon prolonged exposure to stilbenoid compounds, RSV and PTS. Such quantitative molecular changes possess high potential www.advancedsciencenews.com www.mnf-journal.com to be developed into biomarkers of exposure to dietary polyphenols after validation in humans and verification in large cohorts. Recent guidelines for biomarkers in nutritional epidemiology emphasize that combining dietary reporting tools with molecular biomarkers of exposure like those proposed in our study can produce complementary information and increase accuracy of studied associations between diet and health status. [10] 
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